A number of investigations have established certain aspects of heterogeneity exhibited by poliovirus populations. Mayer et al. (1957) , separating cell culture-derived populations of poliovirus by sucrose density-gradient centrifugation, found particles, reactive with poliovirus antisera in the complement-fixation test, with different sedimentation rates. Fast-sedimenting particles (D antigen) were infectious or noninfectious, whereas slow-sedimenting particles (C antigen) were noninfectious. Roizman, Mayer, and Rapp (1958) established a sedimentation constant of about 150 S and 80 to 90 S, respectively, for the two main classes of particles. The 80 to 90 S particles contained little or no nucleic acid; the 150 S particles contained 25 to 30% nucleic acid (Schwerdt, 1957) . D antigen was transformed to C antigen by heating (Roizman et al., 1958) ; therefore, Hummeler and Hamparian (1958) referred to the former as N (native) antigen and to the latter as H (heat-inactivated) antigen. An antiserum produced against heated poliovirus aggregated mostly shell-like particles, probably corresponding to the 80 to 90 S class. Antiserum prepared against native poliovirus and then absorbed with heated virus agglutinated "complete" particles and a number of particles which were neither shell-like nor "complete," but which exhibited an appearance suggestive of some degree of structural incompleteness (Hummeler, Anderson, and Brown, 1962) . Particles agglutinated by anti-N belong, presumably, to the 150 S class. Joklik and Darnell (1961) showed that most P32-labeled poliovirus particles adsorbed to HeLa cells at 4 C, but about 50 to 60% of these particles eluted from the cells at 37 C. As much infectious RNA was extracted per particle from the eluted virus as from the particles before the adsorption-elution separation. One of the possible inferences from these data is that surface structural deficiencies, causing impairment of irreversible adsorption at 37 C, constitute the main difference between infectious and noninfectious particles having a normal complement of RNA. Alternatively, the failure of apparently complete particles, reactive with anti-N, to infect could be due to host-cell receptor sites which permit adsorption but not entry of the virus (Taylor and Graham, 1961) .
The following report describes a chromatographic method for separating N (Hummeler and Tumilowicz, 1960) were used to identify and quantitate the antigenic mass found in fractions of various chromatograms.
Preparation of virus for chromatography. Stationary HeLa (S-3) cultures in 32-oz prescription bottles (Brockway Glass Co., Brockway, Pa.) were used for production of type I (Mahoney) poliovirus. Growth medium for the cultures consisted of 95% Eagle's basal medium and 5% calf serum. The medium was replaced on the third or fourth day. On the following day, the medium was poured off, and each culture was infected with 1.5 to 2.0 ml of undiluted seed virus. This constituted a multiplicity of infection of between 10 and 60. After incubation at 37 C for 45 min, the residual fluid was decanted, and the cell sheet was washed once with Hanks' balanced salt solution. Then 18 ml of Eagle's basal medium, the minimal volume required to cover the cell sheet, were added. No serum was included in the medium during the propagation of virus, because certain lots of calf serum contained particles of the same size as poliovirus, which eluted from the cellulose columns along with poliovirus and interfered with its enumeration.
Fluids were harvested 20 to 24 hr after infection of the culture. Complete destruction of cells was evident at that time. The fluids were clarified by centrifugation at 2,000 rev/min for 10 min and again at 10,000 rev/min for 30 min. No change was noted in the quantity of N and of H antigen present in the fluids after clarification. The virus then was concentrated by one or two cycles of centrifugation in a Spinco model L centrifuge at 29,000 rev/min for 2.5 hr and by removal of the upper T7 of fluid in the centrifuge tube. The pellet was resuspended in the remaining fluid. The concentrated virus suspension was stored at -20 or 4 C, depending on the anticipated interval between concentration and dialysis at 4 C against the starting buffer used in the chromatographic scheme. Dialysis schedules were variable and are described under Results.
Preparation of normal HeLa cell extract for chromatography. HeLa (S-3) cells (5 to 6 X 108), cultivated as described above, were harvested by scraping, washed three times in Hanks' balanced salt solution, and suspended in 10 ml of Eagle's basal medium. This number of cells and the concentration factor approximated conditions established for the preparation of virus for chromatography. The cells were disintegrated by prolonged grinding in a Ten Broeck tissue grinder, and the homogenate was clarified in a model L Spinco centrifuge at 10,000 rev/min for 30 min. The supernatant fluid was dialyzed at 4 C, once for 44 hr against 20 times its volume of 0.002 M phosphate buffer at pH 7.4, and once for 96 hr against 200 times its volume of the same buffer.
Chromatography. Coarse-grade diethylaminoethyl cellulose (Brown Co., Berlin, N.H.) with an exchange capacity of 0.93 meq/g was employed for all experiments. The cellulose (1.4 g) was equilibrated initially in batch form with 0.100 M potassium phosphate buffer at pH 7.4. After this preliminary equilibration, the 0.100 M buffer was replaced by 0.002 M potassium phosphate buffer at pH 7.4, the starting buffer for chromatography. The cellulose suspension was poured into a funnel-topped glass column, measuring 1.0 X 30.0 cm, and equilibration with the 0.002 M buffer continued until 500 to 700 ml of the starting buffer had been collected. Then the cellulose was compressed under N2 pressure to a height of 9.0 to 11.0 cm. The holdup volume of such columns, as measured by the movement of a methylene blue solution, was about 5.0 ml. A new column was prepared for each experiment. The rate of flow during elution from such columns was 5 ml per 5.5 to 8.5 min.
Chromatography was carried out not more than 6 days after harvesting the virus. The virus preparation (4 to 7 ml) was loaded on the column and then eluted at room temperature either with stepwise increases in the molarity of potassium phosphate buffer at a constant pH of 7.4 or with a linear gradient (Parr, 1954) from 0.002 to 1 to 2 M at the constant pH. The volume of each fraction was 5 ml. The entire operation, including equilibration and construction of the column, was completed on the same day within 8 to 10 hr. After its elution, each fraction was divided into three portions: for complement-fixation tests, for assay of plaque-forming units, and for enumeration of virus particles. Portions designated for plaque assay and for particle enumeration were quick-frozen and stored at -20 C. Plaque assays were completed not later than 1 month, and particle counts not later than 2 months, after chromatography. Comparison of the plaqueforming capacity of several fractions after chromatography and after storage at -20 C for 3 weeks showed no significant decrease in infectivity.
HETEROGENEITY OF POLIOVIRUS
Complement-fixation test. The complementfixation test was performed with a slight variation of the technique described by Hummeler (1957) . The volume of antigen suspension was increased from 0.1 to 0.2 ml to enhance the sensitivity of quantitation. The optimal unit of anti-N and of anti-H serum, predetermined in a block titration of these antisera, was used to quantitate the antigenic mass in each fraction. All fractions of a chromatogram were dialyzed twice against at least 20 times their volume of Veronal buffered saline before evaluation in the complementfixation test. Titration end points were expressed as the reciprocal of the highest antigen dilution showing either an observed or interpolated 4+ fixation of complement.
Plaque assay of infectivity. HeLa (S-3) cells were grown in a medium consisting of 90% Eagle's basal medium and 10% calf serum; 4-oz prescription bottles (Brockway Glass Co., Brockway, Pa.) were used. When a confluent sheet had developed, the cells were infected, incubated 1 hr at 37 C, and overlaid in a darkened room with nutrient agar medium containing Eagle's basal medium, 8 % inactivated horse serum, and neutral red (final dilution, 1:40,000). The overlaid cells were incubated at 37 C for 3 days. Most of the plaques which finally appeared were observed on the second day after infection. Infectivity titers were based on the mean of the total number of plaques found in three or four cultures. The system was found to have a plating efficiency of 91%, as determined by the method of Taylor and Graham (1959) .
Enumeration of physical virus particles. The number of virus particles per unit volume was determined according to the lowered drop method of Pinteric and Taylor (1962) . The final estimate usually was based on the mean of particle estimates from two grids. In comparing the lowered drop method and the spray droplet method of Backus and Williams (1950) , as carried out in this laboratory, no significant difference was found.
RESULTS
Separation of N from H antigen. Figure 1 shows a typical pattern of recovery of the N and H antigens of type I poliovirus with the use of stepwise elution. In preparation for chromatography, the virus suspension was dialyzed at 4 C three times against 100 times its volume of 0.002 In general, recovery of N antigen never exceeded 70% and that of H antigen ranged from 0 to 19%. The percentage of recovery and degree of separation of the two antigens were essentially similar with either stepwise or linear gradient (Parr, 1954) elution. The extent of dialysis of the virus suspension against the starting buffer, preparatory to chromatography, greatly influenced the elution of H antigen. Insufficient dialysis often caused contamination of the main N-reactive peaks with H antigen, whereas chromatography of extensively dialyzed preparations, as described above, resulted in the elution of H antigen at the end of the N-reactive section of a chromatogram, well-separated from the bulk of the N antigen.
After determination of the quantity of N and H antigen in each fraction, a pool was made of all fractions eluted with the same molarity of phosphate buffer, except 0.500 M, and the virus particles were concentrated 6-to 11-fold by sedimentation at 29,000 rev/min for 2 hr. Evaluation in the complement-fixation test of these concentrates also showed no contamination of the Of the three quantitative techniques used to obtain data for the three ratios, the enumeration of particles is most liable to serious error. For this reason, the lowered drop method of Pinteric and Taylor (1962) , used here because of its applicability in the estimation of concentrations of particles of the order of magnitude generally found in the various fractions, was compared with the spray droplet technique of Blackus and Williams (1950) . In confirmation of Pinteric and Taylor (1962) Table 1 shows the experimental data for experiment 1 and the calculated ratios for most of the N-reactive fractions. It can be seen that, despite the serological identity of the N-reactive fractions, there was about a 12-fold difference in the PVP-CFU(N) ratio between fractions exhibiting the highest and the lowest value (fraction 8, 0.010 M; fraction 2, 0.020 M). There was about a sevenfold difference between the PVP-PFU ratios of these same fractions. The lowest PVP-PFU ratio corresponded to the lowest PVP-CFU(N) ratio. However, particles with PVP-PFU ratios among the highest found for N fractions had either high or comparatively low PVP-CFU(N) ratios (fraction 2, 0.020 M; fraction 4, 0.020 M). Figure 2 demonstrates these relationships in an inverse way. The number of CFU(N) and PFU per an arbitrary number of 1010 PVP, chosen for convenience, was calculated for most of the N fractions.
There were no apparently significant differences in the PFU-CFU(N) ratio among the great majority of recovered N particles. However, a small percentage of the NT particles (fraction 6, 0.020 M) differed in their PFU-CFU(N) ratio from that characterizing the bulk (fraction 2, 0.020 M) of the N particles by a factor of about 6.
Quantitative analysis of fractions in experiment 2. Before chromatography, preparation 2 was dialyzed twice at 4 C against 20 times its volume a fourfold difference in the PVP-PFU ratio between these same fractions. The lowest PVP-CFU(N) ratio corresponded to the lowest PVP-PFU ratio; the highest PVP-CFU(N) ratio corresponded to the highest PVP-PFU ratio found among the N-reactive fractions. No significance could be attributed to the relatively small differences in the PFU-CFU(N) ratio.
Statistical analysis of the error of the PVP-PFU estimates in experiment 2. Although the PVP-PFU ratios of a number of fractions differed among themselves and from the original sufficiently to warrant acceptance of their differences without statistical analysis, other comparisons were not so certain. The standard error of each PVP-PFU estimate was calculated on the basis of the expected standard deviation in the estimate of PVP and PFU. Figure 3 shows each PVP-PFU ratio i three times the standard error. The existence of nonoverlapping estimates within groups of fractions eluted by a single molarity of eluant demonstrated that all fractions of a single-step elution are not necessarily homogeneous.
DISCUSSION
With the chromatographic procedure described above, good separation of the N and H antigens of type I poliovirus populations could be achieved. Recovery of N antigen usually ranged between 40 and 70%; recovery of H antigen never exceeded 19%. Concomitantly, some separation of grades of N-reactive particle occurred. This is evident from the percentage of the total original PFU and the total of the original PVP recovered in both experiments. These figures were in experiment 1 (36% PFU and 14% PVP) and in experiment 2 (75% PFU and 18% PVP). This indicates a preference for elution of infectious particles aE compared with noninfectious virus.
This separation is also brought out by quantitative differences between certain fractions based on the indicated ratios. In view of the considerable error inherent in each of the techniques used and of the propagation of these errors in establishing the ratios, only the highest and lowest PVP-CFU(N) ratios were considered in reaching any general conclusions about the significance of the quantitative differences and their relationship to the other two ratios.
The lowest PVP-PFU ratio (namely, 6) coincided with the lowest PVP-CFU(N) ratio (1.2 to 1.8 X 107; Tables 1 and 2 ). From this it may be assumed arbitrarily that particles with a PVP-PFU ratio of 1 have a PVP-CFU(N) ratio of about 1.0 X 107, which is approximately 35 times lower than the PVP-CFU(N) ratio of preparation 1 before fractionation. Furthermore, the PVP-CFU(N) ratios found here for preparations 1 and 2 before chromatography and for several other unfractioned preparations were 40-to 50-fold lower than the value of 1 X 1010 established by Mayer et al. (1957) , who used type II poliovirus propagated in monkey kidney cells. Because the ratios PFU-CFU(N) and PVP-CFU(N) are equal when the ratio PVP-PFU is 1, the PFU-CFU(N) ratio for infectious particles also would be about 1.0 x 107.
As the PVP-PFU ratio diverged from 1, the in the PVP-CFU(N) ratio of the above magnitude suggested that the total N antigen of a poliovirus population is not distributed evenly among non-H particles. The possibility that an inhibitor, masking the surface of particles in varying degree, caused differences in the three ratios seems remote, in view of at least three pertinent factors. First, passage of cell culture-derived poliovirus suspensions through diethylaminoethyl cellulose is accompanied by removal of a large part of the nonviral material (Hoyer et al., 1958) . Second, serum was not used in the preparation of virus for chromatography, thereby avoiding possible inhibitors from this source (Sabin and Fieldsteel, 1953 If only infectious particles were N-reactive, it can be seen readily that, as the number of PFUJ increased or decreased, the number of CFU(N) would change in parallel fashion. Therefore, the PFU-CFU(N) ratio would remain constant for fractions with various PVP-PFU ratios. On the other hand, assuming that quantitatively less N antigen is found on the surface of noninfectious non-H particles than on infectious particles, the PFU-CFU(N) ratio also could remain constant if the noninfectious particles accompanying infectious ones in fractions with high PVP-CFt(N) ratios were deficient in N antigen by a substantial margin over deficient particles found in fractions with a low PVP-PFU ratio. Thus, the combined number of CFU(N) in fractions with a high PVP-1'FU ratio could be smaller than the combined number of CFU(N) in fractions with a low PVP-PFU ratio by approximately the same factor as the decrease in PFU. Furthermore, on the premise that infectious particles are not the only Nreactive particles, it is also impossible to say from the data whether a diminished amount of N antigen in particles with high PVP-PFU and PVP-CFU(N) ratios represented quantitative or qualitative deficiencies. Largely complete particles with a few subunit deletions have been seen with aid of phosphotungstic acid staining in an electron microscope (Horne and Nagington, 1959) . and at least some of the particles with PVP-CFU(N) ratios higher than 1.2 to 1.8 X 107 could have been of this type. Figure 2 demonstrates the relationship of infectivity to the amount of N antigen per particle, namely, that the greater quantity of N antigen per particle, the greater the plaque-forming potential thereof. This applied to the major portion of recovered N particles.
The direct relationship between number of N antigen sites and plaque-forming capacity, existing for a large part of the N-reactive population of poliovirus, could explain the failure of poliovirus particles with extractable infectious RNA to remain adsorbed to susceptible cells at 37 C in the experiments of Joklik and Darnell (1961) . Such particles could have been deficient in essential surface structures which are necessary for the initiation or maintenance of mechanisms culminating in entry of the virus into a cell. However, the relationship does not mean necessarily that N antigen is an attachment antigen. Completeness of a particle as determined by the PVP-CFU(N) ratio probably reflects completeness of other surface structures, e.g., the "neutralizing antigen," which may be the actual attachment structure, but which was not measured by any of the procedures used.
From the data presented, it appears that N particles can be divided into at least two subclasses: an infectious class comprised of particles having a full or nearly full complement of Nreactive sites, and a noninfectious class whose particles are considerably deficient in N-reactive sites and, conceivably, in other peripheral structures essential for infectivity. Whether the latter class occurs naturally during multiplication or whether it arises as a result of denaturation after completion of an infectious cycle was not established.
